Introduction: Cord blood gas analysis reflects placental respiratory and metabolic function and is commonly used to assess fetal status at birth. Our aim was to identify the differences in blood gas parameters between the umbilical artery (UA) and umbilical vein (UV) in term and preterm infants. Methods: This was a prospective pilot study. Umbilical cord artery and UV samples were consecutively collected from 225 term and 57 preterm infants at the University Hospital of Padua and at the neonatal unit of Ruesch Hospital in Naples, Italy. Blood gas-analysis and glucose measurement were performed in all samples. Term infants were divided into adequate for gestational age (AGA) and small for gestational age (SGA) according to birth weight percentile. Data were analyzed using Pearson Product-Moment Correlation, independent-samples t-test, and paired-samples t-test. A p-value <0.05 was considered statistically significant. Results: The median gestational age of preterm and term newborns were 34 weeks (±2) and 39 weeks (±1) respectively. The pH, pO2, were lower and pCO2, HCO3 − and base excess (BE) were higher in the UA compared with the UV, in both AGA and SGA term infants. In preterm infants, no statistically significant differences were found between the UA and UV regarding pH, while the pO2 was lower and pCO2 was higher in the UA than UV (respectively: 22.5 vs. 32.4 and 53.1 vs. 42.8; p<0.0001). In the UA, pO2, BE and potassium (K + ) were lower (respectively: 22.5 vs. 25.1; -2.5 vs. -3.7; 4.8 vs. 5.8; p<0.001) while sodium (Na + ) and calcium (Ca ++ ) were higher in preterm than term newborns (respectively: 135.7 vs. 133.6; p<0.001; 1.4 vs. 1.3; p<0.001). Glycaemia was lower in the UA than in the UV in all newborns (respectively: 66 vs. 77 in AGA term newborns; 63 vs. 71 in SGA term newborns; 68 vs. 76 in preterm newborns; p<0.0001) and was related to venous glycaemia measured in the first hour of life (n= 282, r =0.60; p<0.001). Conclusions: Significant differences in blood gas parameters between the UA and UV in term and preterm newborns suggest the importance of the placental barrier and the need for accurate cord blood gas analysis interpretation at birth. UA and UV samples at birth are required to assess with higher accuracy the metabolic status of the newborn in utero. Further studies are needed to evaluate if cord glycemic values could be a noninvasive tool for prediction of glycaemia during the first hour of life.
Introduction
Preterm birth, defined as delivery prior to 37 weeks of gestation, is the leading cause of perinatal and neonatal mortality and morbidity. Worldwide, preterm birth affects 15 million children every year, representing about 10% of births, and contributes to more than 50% of neonatal deaths (1, 2) . Preterm infants are metabolically immature and prone to various diseases linked to early birth. Common morbidities include respiratory complications, hypoglycemia, temperature instability, hyperbilirubinemia, circulatory and hemodynamic compromise and neurodevelopmental delays. The fetal circulation is an entirely transient event, not replicated at any point in later life, and functionally distinct from the pediatric and adult circulations. The central unique feature of the fetal circulation is that gas exchange occurs not in the lungs, but via the placenta. Oxygenated blood returns to the fetus from the placenta via a single umbilical vein (UV) (3) . Understanding the physiology of the fetal circulation is vital for accurate interpretation of fetal assessments in utero and for later management of term and preterm newborns. There is growing interest in performing umbilical cord blood gas analysis to obtain metabolic information about neonates and their mothers (4) (5) (6) . The UV reflects maternal status and placental function, while the umbilical artery (UA) reflects fetal oxygenation and acid -base status (4) . Moreover, arteriovenous oxygen differences reflect placental respiratory function independently from gestational age (GA), birth weight, duration of labor, and mode of delivery (7) . Therefore, for early and accurate detection of the health status of newborns, a complete approach would include both the UA and UV sampling. Studies on differences between UA and UV pH showed that pH, measured in the UA can give valuable information and is useful in predicting the neonatal outcome in term infants (8, 9) . There is a lack of evidence reporting differences between UA and UV in preterm newborns. Moreover, differences in biochemical parameters between UA and UV are not investigated yet in term infants born appropriate for gestational age (AGA) or small for gestational age (SGA).
The present study was designed to fulfill these gaps in the knowledge, investigating the metabolic differences between the UA and UV gas analysis both in term and in preterm infants. The second objective of the study was to investigate the relation between venous glycemic levels at one hour after birth and glucose levels in both the UA and UV. Glucose is the main source of energy for organ function in neonates, and neonatal hypoglycemia may cause severe neurological damages. Tight glycemic control is recommended to identify neonates at risk. Previous, noninvasive, blood glucose monitoring systems have been unsuccessful in neonates; and there is a need for more accurate and less invasive methods for glycemic measurement in this population (9) . Recent studies have shown that the cord blood glucose levels are significantly associated with maternal blood glucose levels at delivery (10).
Material and Methods

Research design and patients
A total of 282 infants born between January 2014 and September 2015 in two Italian centers, the University Hospital of Padua and the C.G. Ruesch Hospital of Naples, were progressively enrolled in this cross-sectional pilot study. In total, 225 infants were born at term [mean gestational age (GA): 39±1 weeks] and 57 were born preterm (mean GA: 34±2 weeks). Term newborns were divided into AGA and SGA according to national growth charts.
Selection criteria 2.2.1. Inclusion criteria
Neonates born from spontaneous vaginal delivery, with normal progression of labor and infants born from elective cesarean section for maternal request were included in the study.
Exclusion criteria
Neonates born from mothers with hypertensive disorders, maternal diabetes, or placental abruption, and those with fetal malformations, chromosomal abnormality, metabolic disorders, or clinical signs of maternal or fetal infection were excluded.
Blood sampling and measures
Blood samples were collected from the umbilical cord from both artery and vein from a double-clamped cord, after at least 60 seconds following delivery (11) . This method (delayed cord clamping) is the standard of care procedure at the Ruesch Hospital and at the University Hospital of Padua. Only nurses or midwifes, who were skilled in blood sampling, performed this procedure in a standardized way. Samples were collected within 20 minutes after delivery, using heparinized 5-ml syringes. Samples were analyzed within 5-10 minutes after sampling using the IRMA TRUPOINT® Blood Analysis System System with CC type cartridges (Minneapolis, MN, USA) following already published guidelines for cord blood sampling (12) . The analyzer allows testing of pH. pCO2, pO2, Na 
Statistical analysis
Differences between arterial and venous pH, pO2, pCO2, base excess (BE), bicarbonate (HCO3−), hematocrit, glucose, and electrolytes (sodium [Na], potassium [K], calcium [Ca] ) were calculated as the absolute differences between the artery and vein (delta). Data were presented as mean ± standard deviation (SD) and medians ± interquartile range (IR) where appropriate. The paired t-test was used to determine differences between the UA and UV in all groups (term AGA, term SGA, and preterm infants). The unpaired t-test was used to analyze the differences among groups for arterial and venous cord blood gas analysis independently. Pearson's correlation analysis was used to identify correlations between glycemic values of the artery and vein. Linear regression was used to establish relations between cord blood glycemic values and glycaemia during the first hour of life. A p value less than 0.05 was considered significant. Results were presented using bar graphs, box-plots, and dot-plots where appropriate. Statistical analyses were performed using the IBM© SPSS© Statistics version 21 (IBM© Corp., Armonk, NY, USA).
Ethics of research
Written informed consent was obtained from the parents of enrolled infants. Written informed consent was obtained from the parents of enrolled infants. Research was conducted following the Helsinki-Ethical Principles for Medical Research Involving Human Subjects.
Results
Patients' clinical characteristics are shown in Table 1 . None of the neonates showed clinical signs of perinatal asphyxia or hypoxia. 
Differences in cord blood biochemical parameters between the UA and UV in all groups
According to t-test for paired data, the pO2 was higher, and pCO2 and HCO3 − were significantly lower in the UV compared with the UA in all of the groups (p<0.001 ( Table 2 ). The pH was significantly higher in the UV than in the UA in term AGA and SGA infants (p=0.003 and p<0.000, respectively), but not in preterm infants. Pairedsamples t-test and independent-samples t-test revealed that BE was significantly higher in the UA than in the UV of AGA infants (p=0.003), but not in SGA and preterm infants. Glucose was significantly higher in the UV than in the UA among all groups (p<0.001). According to the independent-samples t-test and paired-samples t-test, hematocrit was significantly higher in the UV than in the UA in term AGA and preterm infants (p=0.002 and p=0.009), but not in SGA infants. Na + values in the UV were higher than those in the UA of AGA and SGA term infants (p<0.001 and p=0.009 respectively, paired-samples t-test). K + values were not significantly different between the UA and UV in all groups. Arterial Ca ++ values were significantly lower in the UA than in the UV only in AGA term infants (p<0.001, paired-samples t-test). According to the Pearson Product-Moment Correlation analysis, significant linear correlation was found in glucose values between UA and venous glycaemia in the first hour after birth in AGA term infants (Figure 1 , Pearson's correlation coefficient: 0.6, p<0.001). There was no correlation between the UA pH and UV pH in AGA term infants. Figure 1 . Correlations between glucose levels in arterial cord blood and first-hour glycemia in AGA term infants.
Differences in UA and in UV parameters between AGA term and preterm newborns
The pO2 was significantly lower in preterm infants than in term infants in the UA and UV (Table 3) . BE was significantly lower in preterm than in term infants only in the UA. K + was higher and Ca ++ was lower in the UA and UV of term infants compared with preterm. Na + was lower in term infants than preterm only in the UA. Glucose levels (Dx) were not different in both groups in either the UA or UV.
3.3.
Relations between UA and UV blood glucose levels and glycaemia in the first hour after birth Using a simple linear regression model, significant correlations were found between glycaemia in the UA and UV, and glycaemia in the first hour after birth in all groups. UV and UA glycaemia were significantly associated with venous glycaemia in the first hour after birth (p<0.001 and p=0.008, respectively). 
Discussion
Umbilical cord blood gas analysis at birth is an accepted practice in most hospitals to assess the fetal response to labor (7) . Placental status and maternal-fetal metabolic transfer is clinically relevant for caregivers to improve neonatal management. Investigating general metabolic differences between term and preterm umbilical artery and vein is also important in obtaining correct information about fetal status. , between UA and UV in term and preterm newborns The present study, as expected, reported that UV in AGA term infants was more oxygenated than UA. Moreover the UV had a higher pH than the UA, which indicated adequate intervention of maternal buffer systems in these newborns. Moreover, Na + , Ca ++ , and glucose values were higher in the UV than in the UA in AGA term infants, which was likely due to a correct metabolic and nutritive fetus function. Respiratory function was not compromised in the preterm, in which PO2 was significantly higher in the UV than in the UA. Similar to AGA term infants, SGA term infants showed significant differences in PO2, PCO2, and pH between the UV and UA, which indicated metabolic and respiratory compensation by maternal buffer systems. In SGA term infants, any significant difference in Na + and Ca ++ concentrations were found between the UV and UA, which might be due to immaturity of nutrient uptake of the uterus during the last third of pregnancy (13, 14) . Furthermore, there was no significant difference in Na + blood concentrations between the UV and UA in preterm infants as well as in SGA term infants. These findings could be related to immaturity of systems, such as the sodium-potassium pump (15) . All these data support the hypothesis that fetal health status depends on the respiratory and metabolic ability of placenta, as the crucial interface between mother and fetus. Data also report biochemical parameters of UA and UV in term and in preterm deliveries, without clinical signs of perinatal distress, after delayed cord clamping. Current reference intervals for neonatal umbilical blood gas parameters have been set for early umbilical cord clamping cases (immediately after delivery), which has been the standard of care for many decades. Indeed, delayed cord clamping is the recommended procedure due to the reported benefits for term and preterm infants (16) (17) (18) . Studies on the effects of delayed cord clamping on cord gas analysis have reported conflicting and non-definitive results (19, 20) . This study provides a basis for performing research in a larger population to be used as a useful tool to missing samples in high-risk deliveries and in infants subjected to birth asphyxia (21).
Glucose levels in cord blood and in term and preterm newborns at 1 hr of life
Blood glucose levels among the AGA, SGA, and preterm groups were higher in the UV than in the UA. Therefore, nutritional capacity of the placenta was preserved in all groups. Additionally, there was no difference in glycemic competence between preterm and term infants (both AGA and SGA). This finding indicated an equal degree of maturation of glucose metabolic systems in term and preterm infants (14) . In all newborns, neonatal glycemic levels in the first hour of life were directly correlated with those observed in the UA and UV. This result strongly indicates that the UA and UV may be used as indicators of neonatal glycaemia during the first hour of life. This measurement could serve to avoid further painful and stressful blood sampling to the neonate.
Study limitations and strengths
One of the strengths of this study is that we evaluated umbilical cord values in a very homogenous group of women who delivered vaginally or by elective cesarean section, to minimize fetal distress affecting cord blood gas changes. Second, there are no previous references in the literature describing the differences between UA and UV in different clinical conditions such as term AGA and SGA newborns and in preterm. Third, we evaluated the glycaemia in cord blood to establish the relationship with the glycaemia in the first hour of life. The current study represents the most extensive examination of UA and UV blood gas analysis in preterm and in term delivery. The study has the limitation of a small sample size and should be considered as a pilot study.
Conclusions
UA biochemical parameters significantly differ from UV both in term and in preterm babies. Moreover significant differences exist in UA between term and preterm and in UV between term and preterm. Data suggest that an accurate cord blood gas analysis interpretation, taking into account gestational age, can help clinicians to guide personalized-oriented neonatal care. The predictive values of cord blood glycaemia in both UA and UV will be useful for a tailored management of newborns and to avoid invasive, painful procedures, and to prevent undesirable neonatal hypoglycemia.
